Abstract. Polymers have been used for modifying cement-based composites and other building materials since the 1930s. Recent studies have assumed that even water soluble polymers can be used as an admixture for a modification of this kind. Several ways for modifying mortars, wood-based products and bituminous asphalts with a polymer are known and are currently being exploited. Various options differ in the way in which the modification is made. It can be applied basically to the entire volume or just to a surface, and the polymer can be used in the form either of a solution or of fibers. The aim of our study was to investigate the influence of modifying the volume with water soluble polymers, such as polyvinyl alcohol (PVA), on the properties of a cement paste, and to find an optimal additive. It turned out that the addition of a PVA solution into fresh cement paste increases the porosity and therefore reduces the stiffness and the compressive strength. However, the bending strength of PVA-rich specimens was significantly higher and their water absorption decreased, which may result in enhanced frost resistance.
Introduction
The use of polymers for modifying cement-based composites is currently very widespread, because polymers improve the properties of the material, e.g., compressive strength and bending strength. In early studies, natural latex was used. Other polymers gradually came into use, such as polyvinyl acetate, styrene butadiene, polyacrylic ester and polyester resin. Significant improvements were achieved with the use of these polymers, but they are in massive use in present-day construction, and price has become a major issue for these polymers. Thanks to its lower cost, PVA could be suitable for replacing widely-used polymers. The outcomes of our study will help to outline future opportunities for using PVA in cement composites. This composite has low water absorption, and it is assumed that it can be used especially for structures exposed to water and frost cycles.
One of the ways to use PVA for modifying cement composites is in the form of a water solution [1, 2] . Knapen et al. [3, 4] conducted a study in which PVAA (polyvinyl alcohol-acetate) was used for modifying a cement paste and mortar. In these studies, they tested the influence of water on the composite, the basic mechanical properties and changes in the hydration process. They observed changes leading to retardation of the hydration process and a decrease in the Ca(OH) 2 content in the presence of PVAA. They also found polymer bridges between layered Ca(OH) 2 crystals acting as a bonding agent. Together with better internal cohesion, these factors probably led to lower crack formation and better flexural end splitting tensile strength of the PVAA-enriched cement composites. However, these composites were sensitive to moisture and to the presence of water, leading to deteriorated mechanical properties.
A study by Viswanath [5] proved that the presence of 2 % PVAL (a mixture of PVA and phenol formaldehyde) improves the acid resistance of Portland cement pastes, although its strength parameters remain comparable to those of a pure cement paste. These properties, especially compressive strength, are improved by adding traces of borax into the compound. Pique et al. [6] used 4 wt% PVA in their study of the changes in the hydration process of a modified cement paste. Like Knapen et al. [4] , they detected retardation in the hydration process of a cement paste modified by PVA. Pique et al. also observed an increase in the flexural strength, caused by the formation of a PVA film around the growing hydration products during setting and hardening. They came to the conclusion that the decrease in compressive strength was caused by higher porosity of the modified cement paste. Morlat et al. [7] conducted a study in which they used a mixture of cement and PVA as a high-molecular mass polymer, and examined the mechanical properties of the cement paste that was produced. They detected an increase in flexural strength, and the fracture energy increased by a factor of three when less than 4 wt% PVA with respect to cement was added. They also explained these results, claiming that nodules of PVA induce better control of the fracture process, specifically during crack propagation. These results were achieved despite an increase in porosity. Different results, indicating an increase in compressive strength and a reduction in porosity in cement and PVA compounds were reported by Singh and Rai [8] . They concluded that PVA and cement form a special chemical interaction, and its product fills the pores and voids. Yongjia et al. [9] concluded that adding PVA into a cement paste can alter the morphology of the Si-O chains, and can therefore reduce the porosity. Kim et al. [10, 11] conducted a more detailed study examining the processes within the structure of PVA and mortar. The air void contents were increased, leading to a reduction in the density of the compound after adding up to 2 wt% PVA. The porous interfacial transition zones around the sand grains and the coarse aggregates were significantly reduced in size and in quantity, and the unhydrated cement particles were distributed more uniformly in the cement matrix, without significant depletion near the surfaces of the aggregate.
A study by Mojumdar and Raki [12] suggests that a nanocomposite of cement and PVA could be developed for future application in the construction field, e.g., for coatings with corrosion protection and fire resistance. Kou et al. [13] explored RCA (Recycled Concrete Aggregate) as a plausibly appropriate structural concrete after impregnation with PVA. According to their study, the optimal concentration of PVA solution is 10 % for a sufficient reduction of water absorption together with better mechanical properties than untreated RCA.
The possibility of PVA reinforcement of cement composites in the form of fibers was investigated by Shaikh and Hirozo [14] , who conducted a study on the strain hardening behavior of lightweight PVA fiberreinforced cement composites. The results show that a composite containing 2 % of PVA fibers 12 mm in
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length and 1 % of thinner PVA fibers 6 mm in length showed the best performance in terms of ultimate strength, crack opening displacement and smeared cracking development, and composites containing fine lightweight aggregates exhibited the greatest strength. The mechanical properties of cement-based composites reinforced by PVA fibers were also examined by Shilang and Shuling [15] , who claim that a composite of this kind has 70 times greater tensile strength than plain concrete. Noushini et al. [16] presented a study on the dynamic properties of concrete reinforced with PVA fibers, and concluded that the reinforcement has no significant effect on damping the dynamic loading. Lhoneux et al. [18] performed a long-term study of the behavior of a PVA-cement composite under various weather conditions, exposing the fiber-cement specimens to mild climate conditions and studying the hygrothermal properties. The study showed that fibers do not degrade substantially when exposed to natural weathering, and PVA fiber-cement products can be considered durable. Another study examining the effects of temperature on the tensile behavior and strain hardening in cement-based composites was conducted by Mechtcherine et al. [19] . They demonstrated that the tensile strength decreases both with an increase in temperature and with a decrease in the strain rate.
Experimental materials and tested samples
The samples were made of Portland cement CEM I 42.5 R, produced in Radotín by Českomoravský Cement, Ltd. The chemical composition is presented in Tables 1 and 2 . PVA, made by alkaline hydrolysis of polyvinyl acetate in methanol (brand name SLOVIOL® R), produced by Fortischem, Ltd., was added into the cement in the form of a solution of concentration equal to 16 ± 1.5 %, with an 80 % degree of hydrolysis and molar mass ranging between 60000 and 80000 g/mol.
A reference set of samples, denoted AS, was made of cement and water without any addition of PVA. Other sets, denoted as BS, CS, DS and ES, differ in the amount of PVA in the mixture ( partly (BS to DS) or completely (ES) substituted mixing water. Water and PVA were mixed in proportions that would achieve the desired PVA content while keeping the water-to-cement ratio (w/c) equal to 0.35. Then the cement was added and a homogeneous mixture was prepared by manual mixing. The prepared mixture was placed into casts and was compacted for 3 minutes. The samples were removed from the casts after 2 days of hardening and were cured for the next 26 days in laboratory conditions at a temperature of 21±2°Cand relative humidity equal to 50 ± 5 %.
The specimens with dimensions of 40 × 40 × 160 mm were used mainly for non-destructive testing, while the 20 × 20 × 100 mm AS to ES specimens were intended for destructive testing. Each set representing a specific PVA content was composed of 6 samples. The specimens intended for a microstructure examination by optical and scanning electron microscopy were cylindrical in shape and were 30 mm in diameter and 50 mm in height. These specimens were cut into slices 5 mm in thickness using a diamond saw, and were polished with silicon carbide grinding papers down to #4000 grit. Technical alcohol was used for cleaning the specimens in an ultrasonic bath between the individual polishing steps.
Experimental methods
The consistency of the fresh pastes was determined using the standard flow expansion test [20] , and the setting time was measured using Vicat apparatus on two representative samples for each set every 10 minutes after they were prepared. When the distance between the tip of the Vicat needle and the table was 6 ± 3 mm, the initial setting time was reached.
Setting was considered to have ended when the tip of the needle penetrated only 0.5 mm into the cement paste [21] .
The hydration heat measurements were conducted on an isothermal TAM Air calorimeter for accurate measurements of the heat flow and the hydration heat production. Eight chambers were used for the measurements and the mixtures were tested continuously for 7 days at a constant temperature of 20°C. The mixtures were in sealable plastic containers, each containing from 9 to 16 g of the mixture. The results for heat flow and hydration heat were related to 1 g of the cement according to their total weight [22] .
The microstructure and the structure of the voids were examined using optical and scanning electron microscopy (SEM). A NEOPHOT 21 optical metallurgical microscope was used to obtain images at low magnification (80 ×). A Philips XL30 ESEM-TMP FEI scanning electron microscope was used to provide information about the structure of the pores and for identifying the individual phases at 100 × magnification. SEM images at 500 × magnification enabled us to investigate the changes in the microstructure of the modified cement paste. SEM was used in the BSE mode at low pressure (10-20 Pa) and at accelerating voltage set to 30 kV. The quality of the surface was checked using an atomic force microscope (DME 2329 Dual Scope TM Probe Scanner DS 95-200) to obtain undistorted high-quality SEM images.
The water absorption testing and the measurements of the residual water content were carried out on the prismatic 40 × 40 × 160 mm specimens after 34 days of curing. The water absorption was determined according to following equation after keeping the samples submerged in water for 2 hours and for 24 hours:
where m n is the weight of a soaked sample and m s1 is the weight of a dry sample. The residual water content was determined on the dried samples after keeping them for 24 hours at a temperature of 21 ± 2°Cand at relative humidity of 50 ± 5 %, as follows:
where m n is the weight of a soaked (after 2 hours) sample, m s1 is the weight of a dry sample, and m s2 is the weight of a sample after 24 hours of naturally drying. The dynamic Young's modulus and shear modulus were monitored using the resonance method, based on measurements of the natural frequency measured on the prismatic 40 × 40 × 160 mm samples, every 7 days for a period of 42 days. The measurements were made on 6 samples for each set, and the last measurement was made after 161 days of hardening. The resonance detection was performed using the Brüel & Kjaer assembly, consisting of a measurement station type 3560-B-120, recording the excitation and response signals, type 4519-003 acceleration transducers, an 8206 impact hammer type and a computer. The method requires knowledge of the dimensions and the weight of each sample prior to testing.
The response signals were transformed from the time domain to the frequency domain using the Fast Fourier Transform. The Frequency Response Function (FRF) was calculated as the ratio of the response and the excitation force in the frequency domain. The appropriate basic natural frequencies were evaluated from the FRFs. Then the dynamic Young's modulus and shear modulus were evaluated using the following method.
The dynamic Young's modulus was evaluated based on the basic longitudinal natural frequency of the samples ( Figure 1 ):
where The basic flexural natural frequency ( Figure 2 ) was used to verify the longitudinal measurements. The errors between measurements were less than 2 %, so results presented later were obtained only from the longitudinal frequency. In this case, the dynamic Young's modulus was evaluated using
where The dynamic shear modulus was evaluated from the basic torsional natural frequency of the sample (Figure 3) , using following the formulas: empirical correction factor depending on the widthto-thickness ratio of the sample (defined by ASTM 1876-01 (2006) [27] ). The samples were supported by a soft elastic pad at the nodal points of the 1st naural mode shape of longitudinal (Figure 1 ), flexural ( Figure 2 ) and torsional (Figure3) vibration [26] [27] [28] [29] . A benefit of this kind of measurement is that the dynamic Young's modulus can be monitored over an extended period [6] .
The flexural and compressive strength were determined on the 28-day-old samples using the LabTest 4.100SP1 device. The testing was displacement controlled at a constant rate of 0.1 mm/s (bending) and 0.3 mm/s (compression). A three-point bending test was performed on the prismatic 20 × 20 × 100 mm specimens, and a uniaxial compression test was then performed on the broken specimens with effective dimensions of 20 × 20 × 40 mm. Each set contained 12 samples. The results should supplement the data already published [6, 8, 11 ] with a systematic study on the effect of a different PVA concentration in the tested cement pastes [31] .
The static Young's modulus was determined from the uniaxial compressive test, but the results are influenced by the compliance of the testing frame. The results provided by dynamic testing are therefore considered more relevant, while the static measurement was used only for comparing the individual samples [32] .
Experimental results
The flow test results summarized in Table 4 show a clear reduction in the workability of mixtures containing PVA. There is clearly inverse proportionality of the PVA content to the workability of the fresh pastes. 
Set
Flow For the ES mixtures, the mixture maintained more or less the originshape after the mold was removed. In addition, the higher adhesion viscosity of the PVAenriched samples made mixing and pouring into the molds problematic. The PVA content in the mixture influences the hydration process by delaying the initial and end setting times with respect to the reference cement paste (AS), see Table 4 . For the most concentrated DS mixture, the initial setting time was delayed by about 85 minutes, and the setting process lasted about 25 minutes longer than for the reference sample. The setting time could not be properly determined for the ES samples, due to the high viscosity. The Vicat needle did not pass through the mixture to the bottom immediately after the mixture was placed in the mold. It is therefore necessary to use a different method to determine the setting times accurately for very rich PVA samples.
The heat flow monitored on all tested samples during the initial 7 days of setting and hardening is shown in Figure 4 . The location and the size of the heat flow peak depend on the amount of PVA. In the reference mixture, the maximum heat flow value 0.002021 W/g for the cement was reached after approximately 9 hours. For the BS to ES mixtures, the maximum heat flow decreases with the increasing amount of PVA, and shifts further in time. In the case of the ES mixture, the maximum heat flow achieved a value equal to 0.001229 W/g after 17 hours, which is a reduction by 40 % delayed by about 8 hours compared to the reference mixture. However, mixtures DS and ES exhibit slightly higher heat generation in the later stages of hardening from 2 to 7 days. The ES sample generated total hydration heat in an amount about 28 % lower than for the reference cement paste. We assume that the unusual bump around the 3rd day may have been due to restored hydration of unhydrated C 3 A producing ettringite [1] . In this case, the effect could have been magnified by violation of the PVA barrier around the cement grains and increased diffusion of water to C 3 A. However, this is only a hypothesis that needs to be verified.
It is obvious from Table 5 that the addition of PVA increased the porosity and reduced the bulk density. Samples poor in PVA (BS) had bulk density about 16 % lower than for the reference (AS) set, and the bulk density of the PVA-rich (ES) samples was about 26 % lower. The increase in porosity with the addition of PVA is also apparent from the microscopy images.
The optical and electron microscopy analyses clearly demonstrate the changes in the pore structure of the samples modified by PVA. The presence of technological spherical pores from 30 to 300 µm in diameter in the PVA modified pastes is obvious from the optical microscopy images taken at 80× magnification (Figures 6 and 7) . The reference sample without PVA contained almost no visible pores. There is also an apparent increase in the number of pores spanning all diameters with the addition of PVA, with the exception of pores larger than 200 µm, which are absent in the BS samples. Samples CS and DS contain a relavol.
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Effect of PVA Modification on the Properties of Cement Composites tively large number of pores about 300 µm in diameter, and a substantial number of pores had a pore size of about 60 µm. The DS samples also contained a limited number of pores about 500 µm in diameter. The distribution of the various phases within the cement paste can be detected in the SEM images. On the basis of the images at 100× and 500× magnifications, the unhydrated cement grains (displayed as white spots) can be clearly identified. The light gray spots are formed mainly by Ca(OH) 2 (portlandite), the dark gray areas represent hydrates (mainly C-S-H gels), and the black areas represent air voids. The increase in porosity related to the increasing amount of PVA is in agreement with the results of the bulk density and total porosity measurements, which are summarized in Table 5 . The presence of small pores (10 µm) for samples containing PVA is visible in the SEM images at 500× magnification. When comparing these sets, the presence of individual phases is very similar and there are no visible changes in their distribution ( Figure 8 ). The water absorption measurement clearly demonstrates the positive effect of the PVA content. Figure 9 clearly shows that the water absorption decreases almost linearly with the increasing PVA content. The BS samples exhibit about 20 % less water absorption than the reference sample. In the case of the ES samples, the water absorption was reduced by almost 80 %.
The amount of water retained after 24 hours of natural drying is presented for all tested sets in Figure 10 . The figure shows substantially less residual water held in all samples containing PVA; the BS samples retained about 10 % less water than the reference samples, while the absorbed water was lost so rapidly in the case of the DS and ES samples that their weight after 24 hours corresponded to a completely dry state.
The results presented in Figures 11 and 12 demonstrate the influence of PVA on the dynamic Young's modulus and shear modulus of the cement pastes. In the early stages of hardening, both moduli of the PVA-modified pastes are lower than for the reference AS sample. Among the modified pastes, however, the more PVA is added, the higher the Young's modulus and the shear modulus. In the later hardening stages, the modified pastes attain higher elastic stiffness than the plain cement paste -after 161 days of curing the ES samples exhibited 23 % higher dynamic Young's modulus values than the reference paste. The flexural strength is proportional to the amount of PVA in the cement paste, as is clearly demonstrated in Figure 13 . The ES samples rich in PVA reached about 45 % higher flexural strength than the reference pure cement paste sample.
However, the compressive strength of PVA-enriched cement pastes is significantly reduced, and is almost constant with respect to the PVA content, see Figure 14. The drop is probably caused by the increase in porosity, which introduces local concentrations of deviatoric stress when the material is subjected to compression.
As indicated in the section on Experimental Methods, the values of the static Young's modulus are significantly lower than the values obtained from the dynamic measurements. However, the trend of the development of elastic stiffness with respect to the PVA content is the same: there is an abrupt drop between the reference and the BS sample, followed by a small increase with the additional amount of PVA in the cement pastes.
Discussion
The reduced workability of PVA-rich cement pastes is caused by the high viscosity of the PVA solution. Our findings are completely different from those in the study by Kim et al. [11] , who claim that workability improves with higher amounts of PVA in the fresh concrete. This observation may have been caused by the fact that the work of Kim et al. dealt with a mixture containing aggregates and having a higher water-to-cement ratio, equal to 0.5. On the basis of the workability testing results, the ES mixture was excluded from the bending and compressive strength tests, because it was almost impossible to create test samples and there would be a significant scatter of the results.
It is obvious from our experimental observations that the addition of PVA extended the setting and hardening. This can be explained by the formation of a film that creates a barrier around unhydrated cement grains by preventing the absorption of water. This phenomenon would be similar to the effect of ettringite (C3A) for clinker in ordinary Portland cement. The retardation of the hydration process in cement pastes containing moderately acidic PVA can also be caused by chemical incompatibility with the strongly acidic environment. Both mechanisms are described in the work of Knapen et al. [4] , while Pique et al. [6] attribute the retardation to the PVA polarity. It should also be taken into consideration that affecting the hydration process can lead to limited formation of hydration products, and therefore to a reduction in the matrix density. As a consequence, the strength and the elastic modulus of the paste can also be reduced. Our measurements of the hydration heat development are in good agreement with the conclusions of Knapen et al. [4] , Pique et al. [6] and Singh et al. [8] . However, the studies of other authors are not directly focused on the relationship between hardening time and an increased content of PVA. In those studies only one concentration of PVA or PVAA were used in the samples, which were different from ours, so only some values can be compared.
The decrease in the bulk density due to the increase in porosity is also mentioned in the studies by Morlat et al. [7] and by Kim et al. [11] . Due to the different curing of the samples during hardening, and because the samples contained aggregates, the porosity and the bulk density of the samples could not be compared relevantly. However, the tendency of the bulk density and changes in porosity, confirming the introduction of pores with the addition of PVA, is similar as for the samples hardening in water. This phenomenon may be caused by the adhesion and the viscosity of the mixture, so that the air bubbles cannot escape from vol.
no. / Effect of PVA Modification on the Properties of Cement Composites the fresh mortar. It is well known that porosity is the crucial factor influencing the mechanical properties of cement composites, water absorption and permeability [33] . It is therefore necessary to optimize the mixing and preparation process in order to reduce the porosity and obtain a material with the required properties [34, 35] . The microscopy images document the excessive formation of voids in samples with PVA and the fact that the shape and the concentration of voids corresponds to the technological porosity [1, 2] . However, the increased content of smaller pores (up to 30 µm) indicates that the pores could be a product of a chemical reaction. However, there was no substantial change in the amount and the morphology of individual phases detected in the BSE images, when compared with the reference pure cement paste [1, 2] . The BSE images provided by Kim et al. [11] indicate that there is a difference in the thickness of the transition zone between aggregates and the cement matrix in PVA-modified cement-based mortars. The absence of aggregates in our samples resulted in the absence of the interfacial transition zone, and also in crack formation, documented by Knapen et al. [4] .
The measurement confirmed the assumption of a reduction in water absorption in the PVA-modified cement composites, mentioned in the study by Viswanath et al. [5] . This phenomenon can be attributed to the formation of a PVA coating both on the surface of the samples and on the surface of the pores. Reducing water absorption is a prerequisite for improvements in chemical and frost resistance. However, it is also necessary to mention that there was leaching of PVA from the submerged samples. This was proven by the settled PVA on the bottom of the container. The same findings were presented by Pique et al. [6] , who also detected a strength improvement for submerged samples.
A decrease in the modulus of elasticity of the PVAmodified cement pastes with respect to the reference plain sample was also documented in the work of Morlat et al. [7] , who concentrated on early age mortars. Unlike in our study, the modulus of elasticity of the samples decreased linearly with the amount of added PVA, while the trend in our measurements was rather constant or increasing. Figure 11 demonstrates an increase in the elastic stiffness modulus in the advanced stages of hardening (in the period between 28 and 161 days) for the CS and more PVA-rich samples. This phenomenon can be connected with strengthening of the cement bonds, resulting in higher strength in the case PVA-rich samples, despite their increased porosity. Such findings are supported by the dynamic shear modulus measurements, which indicate an increase in the elastic shear stiffness in the later stages of hardening with the addition of PVA. Morlat et al. concluded that the loss of stiffness of the cement mortar with the addition of PVA, reported in their study, was caused by increased porosity and low polymer stiffness values.
As was mentioned above, an increase in bending strength can be observed in the PVA-rich samples, despite the increase in porosity. This can be explained by bond strengthening, as suggested in the studies by Knapen et al. [3, 4] , Morlat et al. [7] and Singh et al. [8] . Our results are in particular agreement with the measurements of Knapen et al. [3] and Pique et al. [6] , and the minor deviations are attributed to a different water-to-cement ratio. The lower reduction in compressive strength of 4 % PVA cement pastes in comparison with our results, documented in the paper by Pique et al. [6] , is probably caused by different curing conditions and a higher water-to-cement ratio, and consequently by lower porosity. However, Pique et al. also came to the conclusion that PVA enrichment of cement pastes reduces their strength, as confirmed by Kim et al. [11] , who eliminated excessive porosity by adding aggregates, and cured the mortar in a water bath. According to the study by Singh et al. [8] , an increase in the compressive strength of PVA-enriched cement pastes by up to 30 % can be achieved by the addition of gypsum and fly ash. The increase in PVA-rich samples (DS), in comparison with PVA-poor samples (BS) as demonstrated in Figure 14 , confirms the hardening mechanism theory proposed by some authors [4, 7, 8] .
Conclusion
The work presented here has focused on the influence of PVA additions on the microstructure and the mechanical properties of cement pastes. A comprehensive experimental study focused on the properties of PVA-modified cement pastes in the form of a fresh paste, during hardening, and after 28 days of age. On the basis of our results, we can conclude that:
• the PVA additions have a negative effect on the workability of the paste/mortar due to the high viscosity of the PVA solution,
• the hydration heat generation is reduced with increasing amounts of PVA, leading to an extended setting and hardening period,
• the PVA additions result in an increase of porosity (as documented by optical and electron microscopy images), causing a reduction in density, elastic and shear stiffness, and compressive strength, while increasing the bending strength,
• the water absorption is reduced by the presence of PVA, leading to enhanced chemical and frost resistance,
• the 4 wt% PVA enriched samples appear to exhibit optimum mechanical properties while retaining satisfactory workability and a satisfactory amount of pores.
Future research will focus on improving the cement paste preparation technology and the curing conditions in order to achieve better workability and reduced porosity. A study investigating the influence of PVA content on frost resistance is in progress. Further attention will be paid to the modification of cementbased mortars and concrete.
Our results indicate that PVA-modified cementbased products and concrete could be efficiently utilized for constructing structural elements that are in contact with water, such as foundation piles, retaining walls, and water supply and sewage structures. The lower hydration heat generation caused by adding the PVA solution into fresh concrete could be also exploited to eliminate the expensive cooling systems needed for the construction of large-scale structural elements, such as bridge piers.
